A neutrino mass matrix model with a bilinear form
Introduction
Many particle physicists have searched for models which provide a unified description of the mass spectra and mixing patterns of quarks and leptons, the Cabibbo-Kobayashi-Maskawa mixing matrix V CKM [1] and the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix U P M N S [2] . As one of such models, the so-called "yukawaon" model [3, 4, 5, 6 ] has been proposed. The model is a kind of "flavon" model [7] .
In this model, Yukawa coupling constants Y f (f = u, d, e, · · · ) in the standard model are understood as vacuum expectation values (VEVs) of scalars ("yukawaon") with 3 × 3 components, i.e. by y f Y f /Λ, where Λ is an energy scale of the effective theory. Our policy in building the yukawaon model is as follows: (i) We consider that the hierarchical structures of the effective Yukawa coupling constants can be understood only based on the charged lepton masses. For the moment, we do not ask for the origin of the charged lepton mass spectrum. (For an attempt to understand the origin of the charged lepton mass spectrum, for example, see Ref. [8] .) (ii) We assume a U(3) (or O(3)) family symmetry and R charge conservation. Structures of yukawaon VEVs Y f are obtained from SUSY vacuum conditions for a given superpotential, so that the VEV matrices are related to other yukawaon VEVs. (As stated in (i), the charged lepton mass values are inputs for the moment, we do not discuss a mechanism which gives the observed charged lepton masses.) The first task in the yukawaon model is to search a superpotential form which gives reasonable mass spectra and mixings (in other words, to search for fields with suitable representations of U(3) and R charges. (iii) Effect of SUSY breaking depends on a SUSY breaking scenario. For the moment, we do not consider the SUSY breaking effects for yukawaon sector. We assume that the SUSY breaking in the quark and lepton sectors is induced by gauge mediation (this "gauge" means the conventional SU(3) c ×SU(2) L ×U(1) Y symmetries). (iv) At present, our aim is to search for a mass matrix model which can give a reasonable fit to whole of quark and lepton mass ratios and V CKM and U P M N S mixing matrices with parameters as few as possible. At present, our concern is in the construction of phenomenological mass matrix relations, not of a field theoretical model, i.e. neither in economizing of the yukawaon fields nor in making the superpotential compact. It is our next step to search for a model with more economical fields and with concise structure of superpotential.
The yukawaon model is in the process of research and development at present. In the yukawaon model, there are, in principle, no family-number-dependent parameters except for the charged lepton mass matrix M e . Regrettably at present, we need a phase matrix P u (or P d ) with two phase parameters in order to obtain reasonable values of quark mixing matrix V CKM [5, 6] . However, the final goal of our model is to remove such family dependent parameters.
The yukawaon model is constructed by using fundamental VEV matrices of scalar fields. In earlier yukawaon models [3] , the mass matrices are directly related to a fundamental VEV matrix matrix Φ e ≡ diag( √ m e , √ m µ , √ m τ ), while in recent yukawaon models, even the charged lepton mass matrix M e is given by a more fundamental VEV matrix Φ 0 . Here, we define VEV matrices which are associated with the mass matrix for up, down quarks, and charged leptons by a common form
where f = u, d, e. Here, for convenience, we have dropped the notations " " and " " on the VEV matrices. We will assign Φ 0 to (3 * , 3) of U(3)×U(3) ′ in the next section, so that we will denote Φ 0 asΦ 0 . In the present section in which we discuss the VEV matrices, for simplicity, we do not distinguish between Φ 0 andΦ 0 ( and also between Y f andȲ f , and so on). X 3 and 1 are also VEV matrices of other scalar fields. The matrices Φ 0 , X 3 and 1 are defined by
Here, we have assumed that there is a basis in which the VEV matrix Φ 0 takes a diagonal form and the VEV matrix X 3 takes a democratic form. Our mass matrix model is described on the premise that there can be such the flavor basis. The values of (x 1 , x 2 , x 3 ) with x 2 1 +x 2 2 +x 2 3 = 1 are fixed by the observed charged lepton mass values under the given value of a e . The form (1+a e X 3 ) is due to a family symmetry breaking U(3)→ S 3 [6] as we discuss later. The coefficients a f play an essential role in obtaining the mass ratios and mixings, while the family-number independent coefficients k f do not. In this paper we propose a new model which improves the neutrino mass matrix. As far as mass matrices M e , M d and M u of the charged leptons and down-and up-quarks are concerned, we assume the same VEV structures as those in the previous yukawaon model [4, 5, 6] :
) 2 ). Here and hereafter, we omit family-number independent coefficients (k f in Eq.(1.1) and so on), because we are interested only in family structures of 3 × 3 matrices. What is new in the present model is in the neutrino mass matrix M ν : we assume that M ν takes the following form 
Here we take 
which will be discussed in Section 2.
Let us stress the difference of the form for the neutrino mass matrix between the present model and the previous one. In the previous yukawaon model [4, 5, 6] , the neutrino mass matrix M ν was given by a form
where ξ ν -term was an additional term which was brought in order to fit neutrino mixing parameters sin 2 θ 23 and sin 2 θ 12 . However, the model could not give reasonable fit for sin 2 θ 13 . On the other hand, the mass matrix (1.4) with (1.7) in the new model has no such the ξ ν -term. Nevertheless, we can fit whole the observed mixing values sin 2 θ 23 , sin 2 θ 12 and sin 2 θ 13 together with the ratio of neutrino mass-squared difference R ν = ∆m 2 21 /∆m 2 32 by using (1.5), as stated in Section 3. (The big drawback in the previous yukawaon models was that the model could not give the observed large value [10] of sin 2 2θ 13 ∼ 0.09.)
In Sec.2, we give VEV matrix relations in the new model. In Sec.3, we discuss parameter fitting of observed values only for the PMNS mixing and neutrino mass ratios because we revised the model only in the neutrino sector. The parameter values in the down-quark sector are effectively unchanged, so that we can obtain the same predictions for the down-quark mass ratios and CKM matrix parameters without changing the successful results in the previous paper [9] .
VEV matrix relations
We assume that a would-be Yukawa interaction is given as follows:
Assignments of these fields to family symmetries U(3)×U(3) ′ are given in Table 1 . We denote the yukawaons with (6 * , 1) and (6, 
Here and hereafter, sometimes, we denoteȲ ℓ and Y q as Y f for simplify. In order to distinguish each yukawaon from others, we assume that Y f have different R charges from each other under consideration of R charge conservation. (Of course, the R charge conservation is broken at the energy scale Λ.)
We obtain VEV matrix relations from the superpotential which is invariant under the family symmetries U(3)×U(3) ′ and is R charge conserving. In the yukawaon model, the VEV matrix relations are phenomenological ones, and they are dependent on the R charge assignments. Since Table 1 
derivations of the VEV matrix relations are essentially similar to those in the previous papers [3, 4, 5, 6, 9] , although the U(3)×U(3) ′ assignments and R charges are different. Besides, we must consider a complicated superpotential form in order to derive the desirable mass matrix relations. The purpose of the present paper is not to derive those mass matrix relations uniquely, but to investigate a possibility that the neutrino mass matrix M ν is given by a form
, from the phenomenological point of view. Therefore, in this section, we present only the results of the mass matrix relations, the derivation of which is discussed in Appendix:
2)
3)
6)
Here, the fieldsΦ iα 0 and X αi are assigned to (3 * , 3 * ) and (3, 3) of U(3)×U(3) ′ , respectively. The field X has phenomenologically been introduced in the previous model [9] , the VEV of which has the form
The form (2.10) leads to
together with X X = X , where X 3 and X 2 is defined by Eqs. (1.2) and (1.8), respectively. Here, for simplicity, we have put v X = 1 because we are interested only in the relative ratios among the family components. At present, there is no idea for the origin of the form (2.10). We may speculate that this form is related to a breaking pattern of U(3)×U(3) ′ (for example, discrete symmetries U(3)×U(3) ′ →S 2 ×S 3 ). In the present paper, the form (2.10) is only ad hoc assumption. However, as seen later, we can obtain a good fitting for the neutrino mixing angle sin 2 2θ 13 due to this assumption.
Parameter fitting
We again summarize our mass matrix model as follows:
where, for convenience, we have dropped the notations " " and " ". In numerical calculations, we use dimensionless expressionsΦ 0 = diag(x 1 , x 2 , x 3 ) (with x 2 1 + x 2 2 + x 2 3 = 1) andP d = diag(e −iφ 1 , e −iφ 2 , 1). The parameters are re-refined by Eqs. (3.1)-(3.8) . In Eqs.(3.7) and (3.4), we have denoted a u and a D as a u e iαu and a D e iα D , respectively, since we assume that the parameters a e and a d are real, while a u and a D are complex in our M D ↔ M u and M e ↔ M d correspondence scheme.
In this model, we have two parameters (a D , α D ) for neutrino sector, four parameters a D , ξ d 0 and (φ 1 , φ 2 ) for down-quark mass ratios and V CKM , and three parameters a e , (a u , α u ) for charged lepton mass ratios and up-quark mass ratios as shown in Table 2 . Especially, it is worthwhile noticing that the neutrino mass ratios and U P M N S are functions of only two parameters after a e and (a u , α u ) have been fixed from the observed CKM mixing and up-quark mass ratios. There is effectively no change in the mass matrix structures except for Y ν from the previous paper [9] , so that we can use the same parameter values for a e and (a u , α u ) as those in the previous study [9] , which are given by a e = 7.5, (a u , α u ) = (−1.35, 7.6
Therefore, as far as PMNS mixing and neutrino mass ratios are concerned, we have only two free parameters (a D , α D ) in the present neutrino mass matrix model. • (J ℓ = 2.74 × 10 −2 ), (3.15) where δ ℓ CP is the CP violating phase in the standard expression and J ℓ is the rephasing invariant [12] . We can also predict neutrino masses: m ν1 = 0.00061 eV, m ν2 = 0.00899 eV, m ν3 = 0.05011 eV, (3.16) by using the input value [13] ∆m 2 32 = 0.00243 eV 2 . (Note that, in the present model, we cannot obtain an inverted neutrino mass hierarchy, because the hierarchies of the mass matrices are related to the hierarchy of the charged lepton mass hierarchy, i.e. to the VEV matrix Φ 0 .) We also predict the effective Majorana neutrino mass [14] m in the neutrinoless double beta decay as
This predicted value is considerably larger than those in other models with normal hierarchy [15] . Finally, we list the predicted values of the CKM mixing parameters and down-quark mass ratios, although they are essentially the same as those in the previous model [9] : 
Concluding remarks
In conclusion, we have proposed a new neutrino mass matrix form within the framework of the yukawaon model, in which we have only two adjustable parameters, (a D , α D ), for PMNS mixing and neutrino mass ratios. We have been able to remove the unnatural term [ξ ν term in Eq.(1.9)] in the previous model. Nevertheless, we can obtain reasonable results for PMNS mixing and neutrino mass ratios as shown in Eqs.(3.13) -(3.17) for the parameter values (a D , α D ) = (8.7, 12 • ). As seen in Fig.2 , it is worthwhile noticing that only when we choose a reasonable value of R ν ≃ 0.033, we can obtain a reasonable value of sin 2 2θ 13 ≃ 0.09. Also, note that our prediction gives a sizable value of m ≃ 0.0034 eV among normal mass hierarchy models. Of course, we have also obtained reasonable results for CKM mixing and quark mass ratios as same as those in the previous paper [9] . Such the phenomenological success is essentially based on the following assumptions: (i) We have assumed that only Y D takes the mass matrix form with X 2 (not X 3 ), while others Y f (Φ f ) take the form with X 3 as given in Eq. (1.1) . In Ref. [6] , the form X 3 has been understood by a symmetry breakdown U(3)×U(3) ′ → U(3)×S 3 . However, for the form X 2 , the model is still in a phenomenological level. (ii) We have the bilinear form of the neutrino mass matrix, M ν = Φ ν Φ ν , as well as the up-quark mass matrix M u = Φ u Φ u . From the theoretical point view, there is no reason for the bilinear forms. We merely assigned R charges so that bilinear forms are realized for M u and M ν .
In spite of such the phenomenological success, the model still leave some basic problems: (i) The model is not economical. At present, we need many flavons in order to prepare reasonable VEV matrix relations. Since the purpose of the present paper is to investigate phenomenological relations among mass matrices, the structure of the superpotential given in Appendix is a temporal one. The superpotential will be improved in our future work. (ii) We have not discuss scales of yukawaons. The present model is based on an effective theory with an energy scale Λ. The scale Λ must be, at least, larger than 10 3 TeV from the observed K 0 -K 0 mixing (and also D 0 -D 0 mixing) [11] . In earlier version of the yukawaon model, it was considered to be Λ ∼ 10 15 GeV. However, VEVs of individual yukawaons depend on parameters in the superpotential (µ f in mass terms and couplings λ f ). We do not fix those scales in the present paper, although we expect that effects of those flavons are visible. (iii) We did not discuss SUSY breaking effects. As we stated in Section 1, for the time being, we assume that the SUSY breaking effects do not affect yukawaon sector. (iv) Our goal is to understand the hierarchical structures of all quark and lepton mass matrices on the basis of only the observed charged lepton masses. However, in the present model, we are still obliged to introduce flavonP d whose VEV matrix includes flavor-dependent parameters φ 1 and φ 2 as seen in (A.11).
Generally speaking, the yukawaon model suggests that our direction to unified understanding of the flavor problems is not wrong, although we have many problems in the yukawaon model. By leaving the settlement of the problems to our future tasks, the yukawaon model will be improved step by step.
The VEV matrix relations (2.2) -(2.9) are obtained from SUSY vacuum conditions, ∂W/∂Θ A = 0 (A = e, ν, · · · ). Since we assume that all Θ fields take Θ = 0, SUSY vacuum conditions with respect to another fields do not lead to meaningful relations, because such conditions always contain, at least, one Θ . In Eqs.(A.5) and (A.6), we have introduced fields E ′′ u , E ′′ d ,Ē u andĒ d in addition to E ′′ andĒ in order to distinguish the R charges ofΘ u and Θ d from that of Θ e . All VEV matrices E are given by the forms E ∝ 1 as seen in (A.10). The VEV matrix relations (2.2) -(2.9) have already been presented by replacing E → 1.
We list the SU(2) L ×SU(3) c ×U(3)×U(3) ′ assignments and R charges for additional fields in Table 3 . The assignments of R charges are done so that the total R charge of the superpotential term is R(W ) = 2. We have 17 constraints on the R charges of the fields from Eqs.(2.1) and (A.1) -(A.6), while we have 34 fields even except for Θ fields in Tables 1 and 3 . Therefore, we cannot uniquely fix R charge assignments of those fields. Here, let us give only typical constraints: 2r X = r , we obtain r ′′ +r ′′ E = r E +r E . When we take R(E ′′ )+R(Ē ′′ ) = R(E)+R(Ē) = R(P d ) + R(P d ) = 1, we can introduce the following superpotential: from which we obtain relations E Ē ∝ 1 and P d P d ∝ 1. We assume following specific solutions of those relations:
as the explicit forms of E , Ē and P d . We assume similar superpotential forms for (E,Ē), (E u ,Ē u ), (E d ,Ē d ), (E ′′ ,Ē ′′ ), (E ′′u ,Ē ′′ u ), (E ′′ d ,Ē ′′ d ) and (E ′ ,Ē ′ ). The term µ d E d in Eq.(A.6) has been introduced in order to adjust the down-quark mass ratio m d /m s as seen in Sec.3. Additional terms like µ d E d in the lepton and up-quark sectors do not appear, because we take R(E) = R(E d ) and R(E u ) = (E d ).
